Purpose: High prevalence of nonalcoholic fatty liver disease (NAFLD) among patients with type 2 diabetes has implicated the role of hepatic insulin resistance (IR) in the diseases. To better understand the underlying mechanism, we have evaluated the pathophysiological effects of Liraglutide on NAFLD via the insulin signaling pathway. Patients and methods: A 2×2 factorial experiment was designed. High-fat diet (HFD)-induced NAFLD mice with diabetes were treated with Liraglutide for 10 weeks, while the control mice were saline-treated. Hepatic expressions of InsR, IGF-1R, IRS2, PI3K and Akt at mRNA and protein levels were analyzed with RT-PCR and Western blotting. Hematoxylin and eosin staining, Oil Red O staining and electron microscopy were used to visualize triglyceride accumulation in liver. Results: Liraglutide significantly decreased body weight, fasting blood glucose levels and HOMA-IR scores in HFD mice. Compared with the control mice fed with chow diet, hepatic expressions of InsR, IRS2, PI3K and Akt at both mRNA and protein levels in HFD mice were significantly reduced, but upregulated after Liraglutide treatment. Furthermore, Liraglutide treatment was found to improve hepatic steatosis. Conclusion: The current study thereby provides evidence that Liraglutide ameliorates NAFLD and improves hepatic steatosis mainly by upregulation of the IRS2/PI3K/Akt signaling mediators.
Introduction
Nonalcoholic fatty liver disease (NAFLD) is defined as a manifestation of fat accumulation in liver but not caused by excessive alcohol drinking. In pathophysiology, NAFLD can be divided into nonalcoholic fatty liver, nonalcoholic steatohepatitis, hepatic fibrosis and hepatic cirrhosis. 1 In recent years, the prevalence of NAFLD among patients with type 2 diabetes (T2D) has been found to be increased up to 70%. 2 There is a closed correlation between NAFLD and T2D because NAFLD increases the risk of incident T2D, while T2D also contributes to the progression of NAFLD. 3 It has been demonstrated that chronic liver disease is mostly attributed to NAFLD in patients with T2D. 4 Subjects with diabetes, however, have an increased risk of developing cirrhosis and liver failure. 5 This risk increases the urgency of developing pharmacological thera-Glucagon-like peptide-1 (GLP-1) is secreted by intestinal L-cells and is produced through the posttranslational processing of proglucagon in response to nutrient ingestion. 6 Recently, GLP-1 receptors are believed to be expressed on human hepatocytes. 7 Liraglutide is a longacting GLP-1 analog with 97% homology to human GLP-1 and is used as a long-acting GLP-1 receptor agonist. 8 Recent studies have shown that Liraglutide can improve hepatic steatosis in a weight loss-independent manner. 9 Although Liraglutide exhibits positive effects on hepatic steatosis, its definitive mechanism is still unclear. Insulin resistance (IR) is the common pathophysiological basis of T2D and NAFLD and promotes the accumulation of fat in hepatocytes by promoting lipolysis and hyperinsulinemia. 10, 11 Since IR is believed to be the main cause of NAFLD, the drugs targeting IR may be used for the treatment of NAFLD. 12 Liraglutide was primarily used to treat T2D, which was proven to be effective in alleviating IR. Abnormalities in the insulin signaling pathway play a key role in the occurrence and development of IR. Insulin receptor substrates (IRSs) are important cytoplasmic adaptor proteins in insulin signaling and play an important role in IR. 13 The IRS family comprises several members, including IRS-1, IRS-2, IRS-3, IRS-4, IRS-5 and IRS-6. 14 Among them, IRS-2 in liver specifically regulates insulin signaling and integrates insulin receptor (InsR) and insulin-like growth factor-1 receptor (IGF-1R) signaling, which mediates the anabolic effects of insulin through the PI3 kinase (PI3K)-Akt cascade. 15, 16 Furthermore, mice lacking IRS-2 has shown a defective insulin-stimulated signaling pathway, which led to hepatic IR. 17 Recent studies have shown that Liraglutide essentially restores brain insulin sensitivity through insulin signaling pathway. 18, 19 However, the specific association between Liraglutide and the insulin signaling pathway in hepatocytes has not yet been investigated. In the current study, we have established a mouse model of NAFLD with T2D by using high-fat diet (HFD) feeding. With this mouse model, we have investigated the molecular mechanisms for Liraglutide to regulate the insulin signaling pathway in term of prevention of hepatic steatosis. Data from this study may provide useful information for better understanding the pathophysiological effects of Liraglutide on NAFLD via the insulin signaling pathway.
Material and methods

Animal models
C57BL/6J mice (5 weeks old, male) were purchased from Animal Experiment Center of Guangxi Medical University (Nanning, People's Republic of China). The experimental mice were maintained in a specific pathogen-free room with a 12-hr light/dark cycle. In the first week, all mice were fed with a normal rodent chow diet (5% fat wt/wt). After then, the mice were randomly divided into two groups, ie, NC group: the mice fed with a normal chow diet (5% fat wt/wt) and HFD group: the mice fed with HFD(60% fat wt/wt, Ready Biotechnology Co., Ltd. Shenzhen, People's Republic of China). Body weight (BW) and fasting blood glucose (FBG) levels were monitored weekly. In HFD group, the mice with FBG levels >13.9 mmol L −1 (250 mg dL
) for 3consecutive days were considered to be diabetic, and the mice were considered obese when their BW exceeded normal weight by at least 20%. 20 After 10 weeks of chow diet or HFD feeding, the diabesity mice and obese were divided into two groups: a normal saline-treated group (O+S) and a Liraglutide-treated group (O+L). The control mice were also divided into two groups: a normal saline-treated group (N+S) and a Liraglutide-treated group (N+L). The mice were treated with a daily subcutaneous injection of Liraglutide (0.2 mg kg −1 ) or normal saline for 10 weeks.
At the end of treatment, all mice were fasted for 8 hrs, anesthetized and sacrificed for blood and tissue collection. All experiments were approved by the Animal Ethics Committee of Guangxi Medical University, People's Republic of China. All experiments were conducted in accordance with the approved guidelines (the National Standard GB/T35892-2018 of the People's Republic of China). All efforts were made to minimize the suffering of mice (eg, the minimum concentration of drugs and pentobarbital sodium were applied) and the minimum number of mice were used to meet the valid statistical evaluation based on the guidelines of the animal ethics committee of the institute.
Measurements of serum insulin, alanine aminotransferase (ALT), aspartame aminotransferase (AST) and blood glucose levels alanine ALT and aspartame aminotransferase AST were assayed by the enzyme method using commercially available kits (Wako Pure Chemical Industries, Ltd) with an Automated Biochemistry Analyzer 7100 (Hitachi, Ltd).
Hematoxylin and eosin staining
Fresh liver tissues were collected and post-fixed in 4% neutral buffered formalin solution for 24 hrs followed by dehydration. The blocks were then trimmed, processed, and embedded in paraffin. The tissue slides were sliced at a thickness of 5 µm and processed with HE staining.
Oil red O staining
Oil Red O staining was used to visualize triglyceride accumulation in liver. Images were captured with a light microscope (Olympus, Tokyo, Japan).
Masson staining
Masson staining was used to visualize fibrosis in liver.
Images were captured with a light microscope (Olympus, Tokyo, Japan).
Ultrastructural changes of liver tissues
Fresh liver tissues were collected, cut into sections of approximately 1 mm×1 mm×1 mm, and fixed with 4% glutaraldehyde. After three rinses in 0.1 mol L −1 PBS, the specimens were dehydrated in an ascending ethanol series (70%, 80%, 90%, 96% and 100%) followed by acetone (100%, water-free). The blocks were then trimmed, processed, and embedded in resin. Ultrathin sections (60 nm) were cut using an ultramicrotome (Leica EM UC7, Leica Microsystems, Wetzlar, Germany). These sections were used for examination with light microscopy and also electron microscopy (EM, Hitachi H-7650 transmission electron microscope). Images were captured with a VELETA digital camera using Olympus Soft Imaging Solutions.
Quantitative real-time RT-PCR analysis
Total RNAs in liver were extracted using a TaKaRa MiniBEST Universal RNA Extraction Kit (Takara Bio, Shiga, Japan) according to the manufacturer's protocol, and cDNA was synthesized using PrimeScript RT Master Mix (Perfect Real Time) (Takara Bio, Shiga, Japan). The primers (Invitrogen, Shanghai, People's Republic of China) included the following: α -smooth muscle actin (α -SMA): forward primer (5ʹ-TGCTGGACTCTGGAGATGGTGTG-3ʹ) and reverse primer (5ʹ-CGGCAGTAGTCACGAAGGAATA-GC-3ʹ); InsR: forward primer (5ʹ-GACAGCCACCAC-ACTCACACTTC-3ʹ) and reverse primer (5ʹ-GTGCAG-CTCCTCATCACCATATCG-3ʹ); IGF-1R: forward primer (5ʹ-TGACATCCGCAACGACTATCA-3ʹ) and reverse primer (5ʹ-CCAGTGCGTAGTTGTAGAAGAGT-3ʹ); IRS2: forward primer (5ʹ-TCTTTCACGACTGTGGCTTCCTT-3ʹ) and reverse primer (5ʹ-CACTGGAGCTTTGCCCTCTGC-3ʹ); PI3K p85: forward primer (5ʹ-TTCCCTCGCAATAGG-TTCTCC-3ʹ) and reverse primer (5ʹ-GACCAATACTT-GATGTGGCTGAC-3ʹ); Akt: forward primer (5ʹ-CATG-AGGATCAGCTCGAACAGC-3ʹ) and reverse primer (5ʹ-ACGGGCACATCAAGATAACGG-3ʹ); and β-actin: forward primer (5ʹ-AAGAAGGTGGTGAAGCAGG-3ʹ) and reverse primer (5ʹ-GAAGGTGGAAGAGTGGGAGT-3ʹ). β-Actin mRNA was used as the internal control. Quantitative realtime PCR was performed using FastStart Universal SYBR Green Master (ROX) (Roche Diagnostics, Indianapolis, IN, USA) on an Applied Biosystems StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, Foster City, CA, USA). Gene expression was presented as the relative expression calculated using the 2 −Δ ΔCt method.
Western blot
Proteins were extracted from liver tissues by using a solution of PMSF and RIPA buffer. BCA protein quantification kit (Thermo Scientific) was used to measure the protein concentration. Western blotting was performed as previously described. 20 The primary antibodies included antibodies against the α -SMA (14395-1-AP; Proteintech, USA), IGF1 receptor+InsR (ab172965; Abcam, Cambridge, UK), β-actin (#4970; Cell Signaling Technology, Danvers, MA), IRS-2 (#4502; Cell Signaling Technology), PI3K p85 (#4257; Cell Signaling Technology), phospho-PI3K p85 (#4228; Cell Signaling Technology), Akt (#4691; Cell Signaling Technology) and phospho-Akt (Ser473) (#4060; Cell Signaling Technology). Goat anti-rabbit IgG H&L (HRP) (ab205718; Abcam) was used as the secondary antibody. The membranes were scanned with an enhanced chemiluminescence system (ProteinSimple, Santa Clara, CA, USA).
Statistical analysis
All data are presented as the means and standard deviations (mean±SDs). Student's t-test, one-way ANOVA, a factorial analysis or Pearson's correlation was used to analyze significant differences, where appropriate. The homogeneity of variance test was used before Student's t-test or one-way ANOVA. p<0.05 was accepted as statistically significant. All analyses were conducted using SPSS 24.0 (SPSS Inc., Chicago, IL, USA).
Results
Liraglutide improves metabolism in HFD-induced NAFLD mouse model
Compared with NC group, mice in HFD group demonstrated significantly increased BW and FBG (p<0.05) after 10 weeks of HFD feeding ( Figure 1A and B) . Histopathological examination in liver of HFD mice with HE staining exhibited hepatocyte ballooning, elevated steatosis, rarefaction of hepatocytic cytoplasm and clumped strands of intermediate filaments ( Figures 1D and 4I ). Histological sections of liver tissues in the mice after 10 weeks of normal rodent chow diet were represented in Figure 1C , which displayed normal liver architectures. Furthermore, the cellular lipid droplets in liver of HFD mice were visualized with Oil Red O staining and transmission electron microscopy ( Figure 4J and K). Taking together, the data implied that the model of NAFLD with T2D was established. NAFLD mice with T2D were then treated with a daily subcutaneous injection of Liraglutide or saline for 10 weeks. After treatment with Liraglutide, BWs and FBG levels in O+L groups were significantly decreased (Figure 2A and B) . Further factorial analyses revealed that there were significant differences in BWs, FBG levels, HOMA-IR scores, ALT and AST between NC and HFD mice and also between Liraglutide-treated and saline-treated groups Figure 3A -E).
Liraglutide reduces intrahepatocellular lipid accumulation
We used HE and Masson staining to investigate the histopathological changes in the liver and used Oil Red O staining and transmission electron microscopy to visualize lipid droplets (Figure 4) . The N+S and N+L groups displayed normal liver architectures. The normal structure of hepatic lobules in mice in the O+S group was characterized by massive fatty degeneration. In contrast, a significant decrease in the severity of fat accumulation was observed in the liver tissues of mice in the O+L group. Lipid droplets and fibrosis were undetectable in the livers of mice in the N+S and N+L groups but could be seen in the livers of mice in the O+S group. Conversely, the livers of mice in the O+L group exhibited a significant decrease in lipid droplet accumulation, and the fibrosis disappeared.
Body weight (g)
A B C D
Fasting blood glucose (mmol/I) Figure 1 Physiological and histological evaluation of HFD-induced NAFLD mice. Body weight (A) and fasting blood glucose (B) levels in HFD-induced NAFLD mice without Liraglutide treatment (mean±SD, n =12). Histological sections of liver tissues in the mice after 10 weeks of normal rodent chow diet and HFD feeding were represented in (C and D) (stained with HE, and ×400). *p<0.05 for comparison between NC and HFD groups. Abbreviations: HFD, high-fat diet; NAFLD, nonalcoholic fatty liver disease; HE, hematoxylin and eosin staining; NC, the mice fed with a normal chow diet. InsR, IGF-1R, IRS2, PI3K p85, Akt and α -SMA mRNA expression levels in liver tissues
As shown in Figure 5 , the factorial analyses revealed that there were significant differences in InsR, IGF-1R, IRS2, PI3K, Akt and α -SMA mRNA expression levels between NC and HFD groups of mice and between Liraglutidetreated and saline-treated mice. Compared with NC group, HFD mice exhibited significantly downregulated expression of InsR, IRS2, PI3K p85 and Akt mRNA (p<0.05), and upregulated expression of α -SMA (p<0.05). However, after treatment with Liraglutide, InsR, IGF-1R, IRS2, PI3K p85 and Akt mRNA expression levels were increased (p<0.05), and α -SMA mRNA expression was decreased (p<0.05).
InsR+IGF-1R, IRS2, pPI3K p85/Pi3K p85, pAkt/Akt and α -SMA protein expression levels in liver tissues
The protein expression levels of InsR+IGF-1R, IRS2, pPI3K p85/PI3K p85, pAkt/Akt and α -SMA are shown in Figure 6 . There were significant differences in InsR +IGF-1R, IRS2, pPI3K p85/PI3K p85, pAkt/Akt and α -SMA protein expression levels between NC and HFD mice and between Liraglutide-treated and saline-treated mice. Compared with NC group, HFD group exhibited significantly downregulated protein expression of InsR +IGF-1R, IRS2, pPI3K p85/PI3K p85 and pAkt/Akt (p<0.05), and upregulated expression of α -SMA (p<0.05). However, after treatment with Liraglutide, the levels of InsR+IGF-1R, IRS2, pPI3K p85/PI3K p85 and pAkt/Akt proteins were increased (p<0.05), and α -SMA mRNA protein was decreased (p<0.05).
Discussion
In the current study, we found that treatment with Liraglutide for 10 weeks markedly improved metabolic parameters and alleviated NAFLD by using HFDinduced mouse model. Animal models have been used to investigate the pathophysiology of hepatic IR and liver steatosis. Compared with genetic models of NAFLD, HFD-induced NAFLD mouse models are extensively used because genetic models are more expensive and less readily available than HFD-induced models. [21] [22] [23] In the current study, C57BL/6J mice, which were fed with HFD for 10 weeks, successfully developed IR and typical hepatic steatosis based upon HOMA-IR assessment and HE staining. After treatment with Liraglutide at a clinically relevant concentration for 10 weeks, marked beneficial effects were observed in our model mice. Interestingly, Liraglutide not only effectively ameliorated hyperglycemia and IR but also markedly alleviated hepatic steatosis. HE and Oil Red O staining of liver specimens from model mice treated with Liraglutide revealed improved lobular structure, with fewer lipid droplets within cells, compared with that in mice of saline-treated group. Therefore, our findings demonstrate that Liraglutide has beneficial effects on diabetes-and obesity-related NAFLD. These results are consistent with the previous reports. 24, 25 The pharmacological mechanism underlying the effects of Liraglutide on NAFLD is not fully understood, but Liraglutide-mediated IR inhibition has been reported to be partially responsible for the protective effect of Liraglutide against NAFLD. 26 Hepatic steatosis and IR are correlated, and decreased hepatic fat accumulation is associated with improved insulin sensitivity. 27 We showed herein that Liraglutide intervention significantly lowered the increased FBG levels, ameliorated hepatic steatosis and improved the HOMA-IR score in obese and diabesity mice, indicating that Liraglutide exerted an insulin-sensitizing effect. The liver expresses the GLP-1 receptor and regulates glucose metabolism, 28 while several studies have shown that GLP-1 improves IR. 29, 30 However, the mechanism of GLP-1-mediated IR improvement still remains to be elucidated.
In the liver, insulin plays a key role in modulating glucose and lipid metabolism by suppressing gluconeogenesis/glycogenolysis and stimulating glycogen synthesis, lipogenesis and secretion of low-density lipoprotein in the fed state. Moreover, insulin plays a crucial role in hepatocyte regeneration and growth. 31 Therefore, the integrity of the hepatic insulin signal transduction pathway plays a crucial role in the action of insulin in hepatocytes. Deficiency in the protein expression of any insulin signal transduction pathway components may induce hepatic IR. Furthermore, local hepatic IR may cause NAFLD. 32 In the current study, HFD-induced NAFLD affected the expression of InsR/IGF-1R and IRS-2, indicating that the detrimental effects of HFD-induced NAFLD on the hepatic insulin signal transduction pathway occur at the pre-receptor levels. This phenomenon is the same as that seen in genetically obese animals. 33 Tagawa et al showed a significant decrease in the level and activation of IRS-2 in a genetic model of fatty liver. 34 Taken together, data from ours and other research groups suggest that the modification of early steps in insulin signaling plays an essential role in hepatic IR in NAFLD. Protein expression levels may be directly related to the phosphorylation and activation levels of that protein. IRS-2 proteins play an important role in transmitting signals from the InsR/IGF-1R to the PI3K/Akt kinases in hepatic insulin signaling. 35 In hepatocytes, IRS-2 plays a major role in suppressing gluconeogenesis and regulating the PI3K/Akt cascade. 14 In our experiments, the expression level of the IRS-2 protein, the pPI3K/PI3K ratio and the pAkt/Akt ratio were significantly decreased in the HFD-induced NAFLD model, indicating that the HFD-induced NAFLD model produces detrimental effects on IRS2/PI3K/Akt protein expression in hepatocytes similar to those of genetic models. 35 We found that the HFDinduced inhibition of hepatic InsR/IGF-1R expression and the downregulation of IRS-2/PI3K/Akt signaling were reversed by Liraglutide treatment for 10 weeks. Interestingly, the HFD treatment downregulated InsR mRNA expression but not IGF-1R, suggesting that the effect of HFD-induced NAFLD on IRS2/PI3K/Akt signaling is mediated by InsR.
In conclusion, the current study provided evidence that Liraglutide decreased the FBG level, BW and HOMA-IR score in mice with NAFLD. Furthermore, Liraglutide improved hepatic steatosis, increased the InsR/IGF-1R and IRS2 expression levels and led to the activation of PI3K/Akt. and consequently alleviated hepatic steatosis by affecting the expression and activation of insulin signaling proteins.
Conclusion
The current study thereby provides evidence that Liraglutide ameliorates NAFLD and improves hepatic steatosis mainly by upregulation of the IRS2/PI3K/Akt signaling mediators.
